The study investigated the changes in growth performance, hematological parameters, plasma components, and stress indicators of juvenile starry flounder, Platichthys stellatus, depending on varying exposure to hexavalent chromium. P. stellatus was exposed to waterborne chromium at 0, 50, 100, 200, and 400 ppb for 4 weeks. The result showed that Cr exposure resulted in decreased daily length gain (DLG), daily weight gain (DWG), condition factor (CF), and hepatosomatic index (HIS) in P. stellatus. In terms of hematological parameters, red blood cell (RBC) count, hematocrit (Ht), and hemoglobin (Hb) significantly decreased at 400 ppb after 2 weeks. In terms of plasma components, inorganic analysis was unchanged and cholesterol, an organic component, considerably increased at 400 ppb after 4 weeks. Plasma enzyme components including glutamic oxalate transaminase (GOT) and glutamic pyruvate transaminase (GPT) were significantly increased. Stress indicators such as cortisol and glucose were notably increased over 100 ppb after 4 weeks with increasing chromium concentration. The results indicate that exposure to waterborne Cr induced toxic effects on growth, hematological parameters, plasma components, and stress indicators.
Introduction
Fish are one of the most important food resources and are considered as sources of the primary protein worldwide. Ongoing marine pollution increases the concentration of toxic metals in water and negatively affects fish health. These pollutants, which have a negative effect on fish, are released by agriculture, industrial wastewater discharge, raw sewage extraction, chemical waste, and oil spills due to fishing vessels (Velusamy et al. 2014) . Waterborne metal exposure affects the physiological and biochemical factors in fish blood and tissues.
Among the three states of chromium including zero-valent chromium, trivalent chromium, and hexavalent chromium, the trivalent state occurs naturally during weathering, and low-grade denaturation, while the zero-valent and hexavalent chromium are generally produced industrially (Oze et al. 2004a ). The chromium concentration in the environment generated by weathering and secondary reactions is a silicate mineral associated with chromate (Oze et al. 2004b) . Chromium concentrations in various environments range from 1 to 3000 mg/kg in soil, 5 to 800 μg/L in seawater, and 0.02 μg/L to 6.0 mg/L in groundwater (Tchounwou et al. 2012; Jacobs and Testa 2005) . Chromium is mainly used to manufacture ferroalloys and other alloys and is a common pollutant found in surface and groundwater; however, high levels of chromium exposure due to natural resources are not commonly observed (Robles-Camacho and Armienta 2000) . The main sources of chromium contamination include chrome compounds produced in chemical plants for welding, grinding, and polishing of stainless steel, as well as chrome electroplating, dyeing, leather processing, and wood processing for other applications (Kumari et al. 2014; Liu et al. 2011; Vasudevan et al. 2010; Ellis et al. 2002) . Trivalent chromium is not only toxic, but also an important element in controlling blood sugar by enhancing insulin action in humans. On the other hand, hexavalent chromium is highly reactive and a strong irritant; it is designated as a carcinogen (Krumschnabel and Nawaz 2004) .
Growth performance is a factor reflecting environmental toxicity in fish, and even a small concentration of heavy metals has a negative effect, triggering physiological changes such as growth and metabolism and reducing health and survival rates (Hussain et al. 2010) . Hematological parameters are used to effectively monitor the status of fish exposed to various types of toxicity in the aquatic environment (Garcia et al. 2016) . The main goal of ecotoxicology in aquatic ecosystems is to assess the toxicity of aquatic organisms and humans (Ribeiro et al. 2006) . Hematological parameters such as red blood cell count, hematocrit, and hemoglobin concentration are widely used indicators of fish health status under metal toxicity (Khalid et al. 2016) . Hematological indicators, including enzymes, metabolites, nutrients, and inorganic ions, are used to determine cell damage and measure the response to heavy metal exposure (Öner et al. 2008 ). In addition, blood cortisol levels have been widely used as stress biomarkers in fish exposed to heavy metals (Norris et al. 1999; Mishra and Mohanty 2009) .
Starry flounder, P. stellatus, is a common flatfish inhabiting the margins of North Pacific and represents one of the most popular fish in Korea currently. Because it is resistant to disease and advantageous to eat at low temperatures, its survival rate is higher than that of the cultured olive flounder, Paralichthys olivaceus (Ding et al. 2010; Kang et al. 2011) . Its aquaculture and production are important because of its high demand and marketability (Lee et al. 2003; Song et al. 2014) . However, studies investigating chromium toxicity are unavailable. Therefore, the goal of this study was to assess the toxic effects of hexavalent chromium exposure on P. stellatus in terms of growth performance, hematological parameters, plasma components, and stress indicators.
Materials and method
Experimental fish and conditions P. stellatus was obtained from a local farm in Gijang, Korea. The fish acclimated for 2 weeks under laboratory conditions. During the experimental period, feeds were supplied at 2% of body weight every day and completely changed water every 2 days. Feeds gave the common commercial feed consisting of more than 60% crude protein used in the fish farm. The seawater used in the experimental is shown in Table 1 and has a temperature of 15 ± 1.0°C, dissolved oxygen (DO) 7.3 ± 0.4, chemical oxygen demand (COD) 1.15 ± 0.1, and pH 7.5 ± 0.5. After acclimation, 60 fish (body length, 19.2 ± 0.9 cm, and body weight, 112.5 ± 15.7 g) were randomly selected for the study. The chromium experiments were performed with waterborne chromium, and exposed solutions were prepared using potassium dichromate (Sigma, St. Louis, MO, USA). Exposure to hexavalent chrome was evaluated using 250-L circular tanks on 12 fish per group. The hexavalent chromium concentrations were 0, 50, 100, 200, and 400 μg per liter using potassium dichromate in distilled water. At the end of each period (2 to 4 weeks), the fish were anesthetized after 15 mg/L diluted solution of 3-aminobenzoic acid ethyl ester methanesulfonate which was buffered to pH 7.0-7.5 with sodium carbonate (Sigma Chemical, St. Louis, Mo, Molinero and Gonzalez 1995) . To reduce and maintain water pollution, the water tank was completely replaced every 2 days and the same concentration was maintained in each aquarium before and after the change. The total exposure duration was 4 weeks, during which no mortality occurred. Thirty fish were sampled at 2 weeks (total length, 19.6 ± 0.2 cm; body weight, 118.0 ± 3.5 g) and 4 weeks (total length, 20.1 ± 0.5 cm; body weight, 123.0 ± 5.9 g).
Growth performance
Mortality was not observed during the experimental periods. The weight and length of P. stellatus was measured immediately before exposure, at 2 weeks and 4 weeks. Daily length gain (DLG), daily weight gain (DWG), condition factor (CF), and hepatosomatic index (HSI) were calculated as the following methods.
Daily length gains ¼ final length−initial length ð Þ =day
Hepatosomatic index ¼ liver weight=total fish weight ð Þ Â 100 
Hematological parameters
Blood samples were collected in 30-40 s through the caudal vein of fish using a 1-ml disposable heparinized syringe. Blood samples were stored at 4°C until blood parameters were thoroughly studied. Red blood cell (RBC) count, hematocrit (Ht), and hemoglobin (Hb) concentration were analyzed immediately. After dilution with Hendrick's diluting solution, total number of RBC was counted using optical microscope equipped with hemocytometer (Improved Neubauer, Germany). Hb concentration was analyzed by the Cyan-methemoglobin technique (Asan Pharm. Co., Ltd.). Also, Ht value was analyzed by the microhematocrit centrifugation technique using a capillary tube and a microcentrifuge (Hawksley & Sons, Ltd.). Blood samples are centrifuged at 3000 g for 5 min at 4°C to separate the plasma from the blood sample.
Plasma component
In inorganic analysis, calcium and magnesium were analyzed by the o-cresolphthalein-complexon technique and xylidyl blue technique (Asan Pharm. Co., Ltd.). In organic analysis, total protein was determined by GOD/ POD method and burette method (Asan Pharm. Co., Ltd.), and total cholesterol was analyzed by quinone method (Asan Pharm. Co., Ltd.). In enzyme activity analysis, glutamic oxalate transaminase (GOT) and glutamic pyruvate transaminase (GPT) were determined by Kind-King technique (Asan Pharm. Co., Ltd.).
Stress indicator
Plasma cortisol concentrations were measured by monoclonal antibody enzyme-linked immunosorbent assay (ELISA) quantitation kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA). Plasma glucose was determined by GOD/POD method and burette method (Asan Pharm. Co., Ltd.).
Results

Growth performance
The growth rate and hepatosomatic index of P. stellatus are shown in Fig. 1 . The daily length gain was considerably decreased at concentrations exceeding 400 ppb at 2 and 4 weeks, and the daily weight gain was significantly decreased over 400 ppb at 2 weeks, and over 200 ppb at 4 weeks. A notable reduction in condition was observed at 400 ppb after 2 and 4 weeks. Hepatosomatic index was significantly decreased at 400 ppb after 2 weeks and over 200 ppb after 4 weeks.
Hematological parameters
The RBC count, hematocrit values, and hemoglobin concentration of P. stellatus exposed to different levels Fig. 1 Daily length gain (DLG), daily weight gain (DWG), condition factor (CF), and hepatosomatic index (HSI) factor of starry flounder, Platichthys stellatus, exposed to the various levels of hexavalent chromium concentration for 4 weeks. As determined by Duncan's multiple range test, the other values of superscript were significantly different at 2 and 4 weeks (P < 0.05). Vertical bar denotes a standard error of hexavalent chromium are listed in Fig. 2 . The RBC count was considerably decreased over 400 ppb after 2 weeks. The hematocrit value and hemoglobin were significantly decreased over 400 ppb after 2 weeks and over 200 ppb after 4 weeks.
Plasma components
The plasma inorganic components of P. stellatus are presented in Table 2 . Calcium and magnesium levels among the plasma inorganic components remained unchanged. The plasma organic components of P. stellatus are listed in Table 2 and were analyzed for total cholesterol and protein levels. The cholesterol level showed a notable increase over 400 ppb after 4 weeks. By contrast, there was no change in total protein concentration.
The plasma enzyme components of P. stellatus are listed in Fig. 3 and were analyzed for GOT and GPT. In terms of enzyme components, the GOT level was significantly increased over 400 ppb after 2 and 4 weeks, and the GPT level was significantly increased at concentrations greater than 400 ppb after 4 weeks.
Stress indicators
The plasma cortisol and glucose concentration in P. stellatus exposed to hexavalent chromium are presented in Fig. 3 . Plasma cortisol was considerably elevated at levels greater than 200 ppb after 2 weeks and at levels exceeding 100 ppb after 4 weeks. In addition, glucose was considerably elevated over 200 ppb after 2 weeks and over 100 ppb after 4 weeks of Cr exposure.
Discussion
Hexavalent chromium exposures increase the accumulation of heavy metals in tissues, resulting in multiple derangements such as abnormal behavior, decreased growth, and increased mortality (Farag et al. 2006) .
Growth inhibition is also a prominent effect of metal accumulation following chronic exposure (Zebral et al. 2018) . Sherwood et al. (2000) reported that growth reduction under metal contamination increased the energy costs due to increased metabolism. Exposure to hexavalent chromium significantly inhibited the growth of P. stellatus, and the conditional factors were significantly reduced by chromium exposure.
Hematological parameters such as RBC count, Ht value, and Hb profile are sensitive indicators in the evaluation of fish metabolism under metal stress (Vinodhini and Narayanan 2009). Further, hematological parameters are widely used in toxicological investigations and environmental monitoring as a promising indicator of physiological changes in fish under stress (Kavitha et al. 2010) . In the present study, hexavalent chromium exposure induced a significant reduction in RBC count, Ht value, and Hb concentration of P. stellatus, which may be attributed to toxic effects such as hemophilia, red cell shrinkage, osmoregulation, and gill injury (Saravanan et al. 2011 ). Gill and Epple (1993) reported that metals act directly on hematopoietic stem cells in the kidney and spleen, with abnormal membrane permeability and mechanical failure, and induce anemia Fig. 2 Changes of RBC count, hematocrit, and hemoglobin in starry flounder, Platichthys stellatus, exposed to the different hexavalent chromium concentration for 4 weeks. Values are mean ± SE. As determined by Duncan's multiple range test, the other values of superscript were significantly different at 2 and 4 weeks (P < 0.05) by decreasing the oxygen supply due to red blood cell concentration and decreased hemoglobin (Kumar and Banerjee 2016) . Hepatosomatic index is used as an important indicator of health status in aquatic animals manifesting the toxic effects of metal exposure (Datta et al. 2007; Bolger and Connolly 1989) . Vosylienė and Jankaitė reported (Vosylienė and Jankaitė 2006 ) that changes in hepatosomatic index were observed depending on the metal concentration and exposure time. The hepatosomatic index decreased, and limited hepatic dysfunction was observed following toxic exposure. Exposure to hexavalent chromium has a significant negative impact on the growth and hepatosomatic index of P. stellatus.
In this experiment, the inorganic components of plasma calcium and magnesium of P. stellatus were not significantly changed by hexavalent chromium exposure. Plasma calcium levels are maintained at a constant level by bone metabolism and mediate various enzymatic action functions. Their role in calcium metabolism depends on heavy metal classification (Suzuki et al. 2004 ). The calcium concentration did not show any significant change in this experiment. In this experiment, plasma calcium may be reduced by brief exposures to Fig. 3 Changes of GOT, GPT, plasma cortisol, and glucose in starry flounder, Platichthys stellatus, exposed to the various levels of hexavalent chromium concentration for 4 weeks. As determined by Duncan's multiple range test, the other values of superscript were significantly different at 2 and 4 weeks (P < 0.05) heavy metals and apparently restored by homeostasis (Pratap et al. 1989; Suzuki et al. 2004) . Magnesium exhibits a mechanism similar to calcium. Protein metabolism is one of the important parameters underlying the biological mechanisms of toxicity (Saravanan et al. 2011) . Proteins are an immediate source of energy during stress in many organisms, and the reduction in plasma protein levels may be due to impaired protein synthesis or metabolism (Ramesh et al. 2014) . Total protein, a plasma organic substance, was decreased slightly but not significantly. The reduced protein levels have often been reported in acute experiments, without fatal outcomes in this experiment (Vutukuru 2005 , Gopal et al. 1997 . Total cholesterol was significantly increased only at high concentrations by week 4. Cholesterol is the precursor of all steroid hormones and is an essential structural component of the cell membrane (Yang and Chen 2003) . Changes in the blood parameters of fish can be attributed to metallic stress, and plasma parameters such as glucose, total protein, and total cholesterol are indicators of heavy metal toxicity. (Fırat and Kargın 2010) .
The enzymes GOT and GPT in P. stellatus were significantly increased following exposure to the highest levels of hexavalent chromium. Transaminases such as GOT and GPT represent useful biomarkers for biomonitoring of chemical pollutants in aquatic organisms, in which altered levels of transaminases indicate compensatory mechanisms against impaired metabolism (Ramesh et al. 2014; Sathya et al. 2012; Reddy and Venugopal 1991) . Since the liver is rich in GOT and GPT, a large concentration of enzyme is released into the blood following damage, and the increase in enzyme activity is used as an indicator of water pollution (Vaglio and Landriscina 1999) . As a result, the plasma components of P. stellatus were significantly altered by hexavalent chromium exposure.
In this study, glucose and cortisol in P. stellatus was significantly increased by exposure to hexavalent chromium. Plasma glucose is a reliable indicator of multiple stress factors in fish, including heavy metals, and is commonly increased by carbohydrate metabolism (CiCiK and ENGiN 2005). The increase in glucose level is attributed to the breakdown of proteins and high-density lipids, resulting in the release of carbohydrates, and decreased lipid and protein levels, following metal toxicity (Kumar and Banerjee 2016) . Plasma cortisol levels are widely used in the primary response to stressors such as metals and insecticides; cortisol and other corticosteroid hormones maintain homeostasis under toxicity (Fırat et al. 2011 ). Pratap and Wendelaar Bonga (1990) reported frequent association between increased plasma cortisol and glucose in fish following exposure to water pollutants or other stressors, and the relationship was mostly causal.
Conclusion
In conclusion, this study demonstrates that waterborne chromium exposure significantly affects the health of experimental starry flounders. These results also suggest that exposure of starry flounders to elevated doses of waterborne chromium may reduce the growth performance and decrease various hematological parameters. However, the plasma levels of GOT and GPT were enhanced, and the stress response mediated by cortisol and glucose was confirmed by the changes in stress indicators. These results indicate that the toxic effects of waterborne exposure to hexavalent chromium altered the growth, hematological parameters, and the concentration of plasma components, and stress indicators.
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